. In all-trans-retinal-fed flies, larval responses are typically seen in less than 1 s from the initiation of blue light. With 14-klx blue light, 80-90% of all-trans-retinal-fed larvae show nocifensive escape locomotion in response to photostimulation. In contrast, only 1-2% of larvae without all-trans-retinal feeding or UAS-ChR2YFP animals without ppk1.9-GAL4 drivers show blue light-induced nocifensive escape locomotion.
IntroDuctIon
A major goal of neurobiology is to understand how the activity of defined sets of neurons controls animal behavior. With its genetic amenability, rich behavioral repertoire and complex nervous system, Drosophila is an ideal model system for studying the neural basis of animal behaviors. In the past two decades, a genetic tool kit has been developed, which allows the investigator to either inhibit or activate defined sets of neurons in living intact animals [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . Optogenetic tools allow for the control of neurons with light. A variety of optogenetic tools now exist 12 , but in studies of Drosophila the Channelrhodopsin-2 (ChR2) light-sensitive ion channel has been most successfully used. ChR2 is a lightgated cation channel from the green algae Chlamydomonas reinhardtii 13 . Upon photoactivation (with ~480-nm blue light), ChR2 evokes depolarizing inward current on a millisecond timescale. When expressed heterologously in neurons, this allows for precise control of neuronal activity with light 14, 15 . ChR2 is genetically targetable, either by fusion to enhancer elements or through the use of binary expression systems such as GAL4-UAS 16 , LexA-LexAop [17] [18] [19] or the Q-QUAS system 20, 21 . This allows the investigator to control neuronal activity in welldefined sets of neurons of behaving animals with both spatial and temporal resolution. ChR2 was first expressed in neurons of Drosophila by Schroll et al. 9 , who showed that optogenetic stimulation of neurons could serve as an unconditioned stimulus in olfactory learning assays. In these experiments, larvae formed negative or positive associations with odors that had been paired earlier with optogenetic stimulation of dopamine or octopamine neurons, respectively.
Optogenetics may also be used to trigger complete behavioral fixed-action patterns 22 . As an example of this application, here we describe our protocol for optogenetic activation of larval nociceptive behavior, which was first described by Hwang et al. 22 . Upon blue light illumination of larvae expressing ChR2-YFP (yellow fluorescent protein-tagged ChR2), escape behavior is triggered within 30-50 ms of the start of illumination.
Overview
Drosophila larvae show a highly stereotypic nocifensive escape locomotion in response to noxious stimuli 23 . When showing nocifensive behavior, the larva rotates around the anterior-posterior body axis in a corkscrew-like motion. This rolling response is specifically triggered by noxious sensory stimuli such as temperatures >39 °C or harsh mechanical stimulation (>30 mN) 23 . Indeed, in its natural environment, this is thought to be a defensive behavior against attacks by female parasitoid wasps whose sharp ovipositor is used for penetrating the larval epidermis for the purpose of egg laying 22 . In the study by Hwang et al. 22 , the optogenetic technique with ChR2-YFP was developed and used to demonstrate that Class IV multidendritic (md) neurons are nociceptive sensory neurons whose activation is sufficient to trigger larval nocifensive escape locomotion.
The workflow of the protocol described here is shown in Figure 1 and is divided into three main stages:
Stage 1: genetic crosses are performed to yield progeny that will be used for optogenetic manipulation; animals expressing ChR2 in neurons of interest are generated by crossing a selected UAS-ChR2 strain to a GAL4-driver strain. In our example for optogenetic activation of larval nociception behaviors, the ppk1.9-GAL4-driver line is crossed to UAS-ChR2YFP as the ppk1.9-GAL4 driver causes relatively restricted expression of UAS transgenes in larval nociceptive neurons 22, 24 . Stage 2: animals expressing ChR2-YFP are raised in the presence of food containing all-trans-retinal. In the fly model, unlike in mammalian systems, dietary supplementation of the all-transretinal cofactor is necessary for the production of functional ChR2-YFP. It is also critical to keep these experimental animals in the dark as ChR2-YFP is a photosensitive channel and can be inactivated by excessive exposure to light. optogenetics is a powerful tool that enables the spatiotemporal control of neuronal activity and circuits in behaving animals. Here, we describe our protocol for optical activation of neurons in Drosophila larvae. as an example, we discuss the use of optogenetics to activate larval nociceptors and nociception behaviors in the third-larval instar. We have previously shown that, using spatially defined Gal4 drivers and potent UAS (upstream activation sequence)-channelrhodopsin-2YFP transgenic strains developed in our laboratory, it is possible to manipulate neuronal populations in response to illumination by blue light and to test whether the activation of defined neural circuits is sufficient to shape behaviors of interest. although we have only used the protocol described here in larval stages, the procedure can be adapted to study neurons in adult flies-with the caveat that blue light may not sufficiently penetrate the adult cuticle to stimulate neurons deep in the brain. this procedure takes 1 week to culture optogenetic flies and ~1 h per group for the behavioral assays.
channel and subsequently triggers behaviors that are governed by the activated neurons. In our example, the flies expressing ChR2-YFP in Class IV md neurons show nocifensive escape behavior upon blue light stimulation.
Applications
As summarized in Table 1 , optogenetic manipulation has been successfully applied to a variety of neurons and in a number of behavioral and physiological assays by Drosophila researchers. For the study of freely behaving animals, the protocol described here is most useful for the larval stages, which are optically transparent. This technique has also been used in the investigation of signalling pathways that operate in nociceptor neurons 25 . In addition, our robust protocol can easily be used in teaching laboratories 26 and for demonstrations of the basic principles of neural circuits. In our experience, students who observe the optogenetically triggered nociception behavior are invariably amazed by the ability to remotely control animal behavior with pulses of light.
Limitations
The most severe limitation of the ChR2 approach applies to its use in freely behaving adult flies. Because the adult cuticle strongly absorbs blue light, successful applications in adults have been limited to neurons near the surface of the animal, or in electrophysiological preparations in which the cuticle has been removed ( Table 1) . If activation of adult neurons is desired, alternative approaches described below are available and are likely to be preferable to a ChR2-based approach.
ChR2 is not suitable for experiments in which prolonged or repeated strong neuronal activation is required, as the ChR2 channel shows fast adaptation upon photostimulation and recovers slowly under dark conditions 27 . These characteristics are also consistent with our observations in behavioral assays; robust behavioral responses are seen immediately after the initial light stimulus, but subsequent light exposures trigger responses less frequently.
The availability of suitable GAL4 driver lines may limit the widespread use of this method for all neurons and all behaviors. A high expression level of ChR2 at the cell surface is required to achieve reliable activation of neurons and behavioral responses 28 (see Experimental design). It is also possible that some neurons with low input resistance may not be activated by ChR2. These limitations may be overcome through the use of driver lines that confer sufficient expression of ChR2. In addition to the expression level, in some cases it may be difficult to identify GAL4 lines that target neurons of interest with specific and sparse expression patterns. However, more restricted expression patterns may be generated through the use of intersectional tools. These include the split-GAL4 driver systems 29 , the GAL80 repressor that inhibits GAL4 activity 30 , more recently developed binary expression systems [17] [18] [19] [20] (see alternative approaches below) and recombinasemediated mosaic systems 31 . ChR2 is photosensitive, and experimental animals must be cultured under dark conditions to avoid photoadaptation of the channel. Thus, this protocol might be affected by experimental conditions in which animals must be raised in the presence of light.
Alternative methods
Methods complementary to the use of ChR2 are available for temporal and spatial control of neuronal activity in Drosophila. P2X2, a mammalian ionotropic purinoceptor that has no homolog in flies, has been used for optical neuronal control in Drosophila 8, [32] [33] [34] [35] . P2X2 evokes depolarizing currents in response to ATP. Through the injection of caged ATP and UV radiation pulses for the purpose of uncaging the ATP, the P2X2 channel can be controlled in a temporal manner. Because P2X2 has larger single-channel conductance compared with ChR2 (ref. 12) , it is useful for applications that need strong cellular depolarization to evoke behavioral responses. This might be the case if only weak GAL4 expression drivers are available or if the neurons of interest have a low-input resistance or other intrinsic excitability issues that might limit their control by ChR2. However, the need for microinjections to supply caged ATP to individual experimental animals is laborious in comparison with dietary supplementation of all-trans-retinal for ChR2. This becomes a major obstacle to applying the P2X2 approach to large populations of animals. In addition, the lasers necessary for the supply of intense UV radiation are costly in comparison with the light sources needed for blue light activation of ChR2.
'Thermogenetic activation' approaches have also been developed for use in flies. These techniques rely on the expression of thermally sensitive transient receptor potential (thermoTRP) channels. After expression of the thermoTRP channel in the neuronal subset of interest, neuronal depolarization is then induced by shifting the flies to a temperature that matches the activation threshold of the particular thermoTRP channel. For example, the mammalian TRPM8 channel activates fly neurons in response to cooling 10 , and the Drosophila TRPA1 channel activates neurons with warming 11, [36] [37] [38] [39] . Because the TRP channels adapt slowly in comparison with ChR2 (ref. 40) , these manipulations may be more useful for applications that require sustained stimulation of neurons. In addition, because flies have low thermal capacitance, neurons deep in the brain (even in adult animals) can be targeted without difficulty using a thermogenetic approach. ThermoTRPs also do not require supplementations of cofactors or ligands to activate neurons. A downside of using thermoTRPs is that neural activation through control of ambient temperature in the thermogenetic technique is slower and thus provides lower temporal precision in behavioral manipulation compared with optogenetic approaches using light.
Experimental design
Intensity and wavelength of light. Proper light intensity and wavelength is required for activation of ChR2. Although it has been reported that green light of 525 ± 25 nm is capable of activating ChR2 (ref. 41) , the excitation maximum for ChR2 is 460-480 nm (refs. 13,28,42) . In our hands, green light is ineffective at eliciting larval nociceptive behaviors from ChR2-YFP-expressing flies.
Thus, for the most effective activation, blue light around its excitation maximum spectra should be delivered to the test animals.
UAS-ChR2 transgenic lines.
Neuronal and behavioral manipulation by ChR2 requires sufficient expression of the protein and localization to the plasma membrane of targeted cells 28 . Because the expression level of transgenes can vary among independent transgenic lines because of chromosomal position effects 43 , it is important to use potent ChR2 transgenic lines to elicit robust optically manipulated behaviors. We have generated several independent transgenic fly strains with genomic insertions of YFP-tagged ChR2 under control of GAL4-binding sites (UAS-ChR2YFP). The use of the YFP-tagged ChR2 is advantageous because the visible fluorescence of the YFP can be used to visualize the expression pattern of the transgene. In addition, YFP signal intensity on the tagged ChR2 allowed us to identify insertions that were permissive for robust expression from the transgene (Fig. 2a) . These strains are freely available to investigators interested in using this technique. A line with a second chromosome insertion (UAS-ChR2YFP line C) is commonly used in our laboratory and has potent activity in triggering behavior (Fig. 2b) . This potency is correlated with the expression level of the YFP tag of the transgene (Fig. 2a,b) . Other strains with multiple insertions of the UAS-ChR2YFP transgene provide even higher levels of expression.
New variants of ChR2 have been engineered 44, 45 , and two of these variants (H134R and ChETA-YFP) are currently available for use in Drosophila 40, 46 . The H134R variant has the potential for improved performance in activation of neurons because of its prolonged open state and lowered inactivation kinetics 14 . Although in vivo experiments using the ChETA variant have yet to be performed in flies, this variant has fast kinetics compared with wild-type ChR2 (ref. 47) , allowing for more precise control of spike timing.
The protocol described here has been developed for use with the UAS-ChR2YFP line C that was developed in our laboratory. Nevertheless, our protocol can be used without modification for other strains, with the caveat that the different lines will produce different behavioral response levels (as shown in Fig. 2 ) 22 .
Alternative binary expression systems. In addition to the GAL4-UAS system, more recently introduced binary expression systems such as LexA-lexAop and the Q system can be used to drive ChR2. To adapt these newer binary systems, it is necessary to use the appropriate transgenic flies that carry a ChR2 transgene expressed under control of the promoter for the appropriate driver. In the case of the LexA system, the lexAop element should be used [17] [18] [19] , and in the case of the Q system the QUAS element is needed 20, 21 . At this time, the only alternatives to the GAL4/UAS-based Chr2 system are the QUAS-ChETA strains 46 . Because of their more recent development, libraries of LexA or QF driver strains are of limited scale in comparison with GAL4 driver libraries. However, with the ease of Drosophila transgenesis, it is relatively straightforward to clone the regulatory sequences from GAL4 strains of interest and to generate the desired strains.
Culture condition of experimental animals. Several days of alltrans-retinal feeding are necessary to achieve sufficient activity of ChR2. We recommend at least 3 d of dietary supplementation. In addition, to avoid photoisomerization of the ChR2 chromophore, experimental animals should be raised in the dark. 
Controls. Flies expressing

MaterIals
REAGENTS
Fly strains (in the example below, we use UAS-ChR2YFP line C and ppk1.9-GAL4, which are available from the authors on request) Cornmeal molasses agar fly medium All-trans-retinal (Sigma, cat. no. R2500-100MG; Santa Cruz, cat. no. sc-210778) ! cautIon All-trans-retinal may cause skin irritation and be harmful if inhaled or ingested.  crItIcal Not all brands of 60-mm Petri dishes will fit properly into the opening of the Tri-Pour beakers. We recommend the brand listed above when building fly cages from the Tri-Pour beakers. Many fly laboratories have their own solution for egg/embryo collection cages. Any of these will suffice. Epifluorescence microscope A conventional epifluorescence microscope is used for the delivery of blue light to the optogenetic animals. Our laboratory uses a Leica MZ16 FA stereo epifluorescence microscope for optogenetic activation experiments (Fig. 3) . Delivery of blue light for excitation of ChR2-YFP is through a GFP-excitation band-pass filter with a 40-nm band of light centered around 480 nm. The mercury light source used in our laboratory is powered by the standard housing supplied by Leica (LEJ ebq100). To record the behavioral responses, we use a digital video camera mounted on an MM99 microscope adapter. This provides a relatively inexpensive solution for video recording through the microscope. For the purpose of video recording, animals are weakly illuminated from below (~300 lx) with a halogen light source.  crItIcal The use of the proper excitation wavelength is critical for evoking behaviors using ChR2.
proceDure preparation of fly crosses • tIMInG 1 min per cross, followed by a 2-d incubation period 1| Cross at least ten virgin female and five male flies of appropriate UAS-ChR2 and GAL4 driver lines in a yeasted fly food vial and allow mating to proceed for 2 d; in the example used here, we cross UAS-ChR2YFP line C to the ppk1.9-GAL4 driver line. As both transgenes are present on autosomes, the direction of the cross is unimportant. Set up multiple crosses to obtain a sufficient number of experimental progeny (>100 animals in total for the example nociception experiment). Homozygous strains for both transgenes are available, and if these are used all of the progeny will be of the desired genotype. Alternatively, heterozygous driver and UAS-ChR2YFP flies can be used, and the YFP fluorescence of the crossed progeny can be scored to test for inheritance of both transgenes.  crItIcal step If scoring of YFP fluorescence is used for the purpose of genotyping, this genotyping step must be performed after Step 16. Otherwise, blue light illumination used for scoring of YFP will bleach the all-trans-retinal of the ChR2 molecule (and trigger behaviors).
preparation of egg-collection plates • tIMInG ~30 min 2| Remove apple juice plates from storage at 4 °C and allow them to warm to room temperature.
3|
Prepare yeast paste containing 500 µM all-trans-retinal. For each apple juice plate, add 2.5 µl of 100 mM all-transretinal per plate to 500 µl of deionized water and mix well. Add 0.7 g of dried yeast and mix thoroughly with a spatula. For control egg-collection plates lacking all-trans-retinal, add 2.5 µl of 100% ethanol in place of 100 mM all-trans-retinal.  crItIcal step It is important to use freshly prepared yeast paste containing 500 µM all-trans-retinal.
4| By using a spatula, spread the yeast paste around the center of an apple juice plate.
egg collection • tIMInG 1 min per cage, followed by a 24-h incubation 5| Anesthetize the mated flies and transfer them to a fly cage (see Equipment Setup). Place an egg-collection plate snugly into the opening of the cage. Secure the plate to the cage using a rubber band. Save the lid of apple juice agar plate for later use.
6|
Lay the cages on their sides until the flies have recovered from anesthesia. This will prevent the adult flies from falling into the yeast paste. Once the flies have recovered, place the cages in a dark box in a fly incubator with the apple juice plate down. Note that the all-trans-retinal-fed animals become light sensitive, and placing them in the box protects them from the light. Allow the flies to lay eggs for 24 h and then replace the seeded apple juice agar plate with a freshly yeasted apple juice agar plate. ? troublesHootInG larval culture • tIMInG 4 d 7| Return the Petri dish lids that were saved from Step 5 to the seeded egg-collection plates. Place the seeded plates in a dark box in the fly incubator until the required developmental stage is reached; in our example, the eggs were allowed to develop for an additional 4 d until they reached the third instar larval stage.
 crItIcal step Three days of feeding on all-trans-retinal is necessary to accumulate sufficient ChR2 activity to activate larval nociceptive neurons. This prevents the use of this method for the examination of early larval stages. Similarly, successful applications in adult flies require several days of all-trans-retinal dietary supplementation 48 .
Microscope and video camera setup • tIMInG 20 min 8| Turn on the halogen light source for the microscope. Adjust the halogen light brightness to ~300 lx at the microscope stage. Use a handheld photometer for measurement of the light intensity.  crItIcal step Excessive illumination of experimental animals with halogen light causes decreased behavioral responses to subsequent illumination with blue light (this is presumably caused by photoisomerization of ChR2-YFP by prolonged exposure to the halogen light).
9| Switch on the mercury lamp and allow the bulb to warm up for at least 5 min. Select the appropriate GFP excitation filter on the fluorescent microscope. The blue light delivered through the GFP excitation filter is necessary for the activation of ChR2. In addition, the GFP channel can be used for identifying YFP-expressing flies after the behaviors have been observed. Adjust the alignment of the mercury bulb to achieve a homogeneous field of illumination.
10| Set the intensity of blue light by adjusting the optical zoom of the microscope. Place a handheld photometer under the fluorescence microscope. Place a piece of paper with a crosshair target on the surface of the light sensor of the light meter and adjust the focus. Remove the paper and find an optical zoom setting that produces a measured light intensity of 14 klx when blue light is properly focused on the sensor of the photometer. A lower zoom will provide a lower-light intensity.
Return the focus back to the microscope stage without changing the optical zoom.  crItIcal step Proper blue light intensity is critical for optogenetic experiments with ChR2. As mercury bulbs decay with use, we recommend checking and adjusting the blue light intensity regularly before starting the behavioral assay. Change the bulb as recommended by the manufacturer.
11|
Turn on the digital camcorder. Set up the zoom, exposure and white balance settings to prepare for videotaping.
behavioral assay • tIMInG ~1 h per experimental group 12| Larvae must be tested in a shallow aqueous environment to examine optogenetically induced nocifensive escape behavior. For this purpose, prepare two 60-mm dishes by the addition of 1 ml deionized water. To lower the surface tension of the water, add a few particles of dried yeast and allow them to dissolve. Swirl the aqueous solution so that the bottom of the dish is completely covered with a thin layer of water.
13|
Remove the larval culture plates (from Step 6) from the dark box in the fly incubator. By using a paintbrush, gently transfer larvae from the culture plate to one of the 60-mm Petri dishes that were prepared in Step 12.  crItIcal step Unnecessary exposure of optogenetic larvae to light can cause poor larval responses. Collection plates with larvae that are waiting to be tested should remain inside the dark box. ? troublesHootInG 14| After collecting the larvae, gently transfer the larvae one at a time to the other 60-mm Petri dish prepared in Step 12 (testing dish) using a fine paintbrush. Allow each larva to recover until it starts forward peristalsis.
15|
Place the testing dish containing the larva under dim halogen illumination on the microscope and begin the videotaping. Deliver a 5-s blue light pulse once to each larva using the fluorescence shutter of the microscope. ? troublesHootInG Troubleshooting advice can be found in table 2.
16|
• tIMInG
Step 1, preparation of fly crosses to generate optogenetic flies: 1 min per cross, followed by a 2-d incubation Steps 2-4, preparation of egg-collection plates: ~30 min Steps 5 and 6, egg collection: 1 min per cage, followed by a 24-h incubation
Step 7, larval culture: 4 d Steps 8-11, microscope and video camera setup: 20 min Steps 12-17, behavioral assay: ~1 h per experimental group
Step 18, data analysis: 5 min per group for data input to a spreadsheet, and ~1 h for further analysis In contrast, neither the all-trans-retinal-fed controls (ppk × UAS-ChR2YFP, ATR − ; n = 112) nor the driverless control with all-trans-retinal supplementation (w 1118 × UAS-ChR2YFP, ATR + ; n = 102) showed nocifensive responses to light stimulation (0.9 ± 0.9 and 2 ± 1.4%, respectively). Error bars represent the s.e.m. The graph was made based on the data originally published in Hwang et al. 22 , with permission.
